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ALTITUDEPESFORMAI?CEIllVXSTIGATIONOFTWOFLAME-HOLOESAND

FUEL-SYSTEMCOlJl?IGlJMTION3IN SHORTAFTlZK6UMER

By S.C.HuntleyandH.D.Wilsted

s’umARY
..

During an tivestigathn in an altitudechaziberjthealtitudeper-
formancecharacteristicsoftwodiss~lar flame-holderandfuel-
systemconfigurationswereevaluatedina shortafterburner.Onecon-
figurationhada doubleamnularV-gutterflameholderwithfuelinjep-
torslocatedseverslinchesupstresm.Theotherhada doubleannular “
H-gutterflameholderandsnadditionalannularV-gutterlocateda few
inchesdownstreamtiththefuelinjectorslocatedimmediatelyupstream
oftheH-gutterf$ameholder.

% Thealtitudeoperatinglimitsandthesltitudeperformanceofthe
V-gutterconfigurationweresuperiorto thoseoftheH-gutterconfigu-
ration.At a Machnmilxrof0.6,thealtitudeUmit of theV-gutter

● configuratimwas50,000feetas ccmqmredwith42,000feetforthe
H-gutterconfiguration.Thecombustionefficiencywasappreciably
betterfortheV-gutterconfiguration;forexample,at analtltudeof
30,000feet,thecombustionefficiencyatlimitingturbine-outlettem-
peraturewas74percentfortheV-@.terconfigurationas comparedwith
61percentfortheH-gutterconfiguraticm.As soonas fuelwasintrduced
intotheburner,spontaneousignittmwasobtainedwiththeT-guttercon-
figurationtothemeximumaltitudeatwhichignitionwasattempted,
45,000feet. IgnitionoftheH-gutterconfigurationrequiredtheuseof
a torch

An

i~iter.

INTRODUCTION

investigationwasconductedinan

-.—
..

altitude ohamberat the
NACALew5.slaboratoryto obtaina flsme-holderandfuel-systemconfigu-
rationwhichwouldo~erateathighaltitudeina shortafterburneron
anaxkl-flowturbojetengine.Theafterburnershellusedforthis

6 investigationwasa productionmodelfurnishedby theengine
manufacturer.

u
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Thefirstpartoftheinvestigationwasa briefevaluationof sev-
eraltypesof flsme-holderandfuel-injectionsystems(reference1) to
obtainanafterburnerconfi~tion thatwouldmeettheenginemsmu-
facturer~srequirementsforefficientoperationataltitudestoat
least40,000feet.

Theconfigurationsinvestigatedcouldbeseparatedinto@o dis-
tincttypes:Onetypehada double-annularE-guttertypeflameholder
witha V-typeguttermountedseveralinchesdownstream.Thefuel-
in~ectionsystemwasmountedimmediatelyupstreamoftheE-gutterflame
holderand,therefore,didnotprovidea practicalmixinglengthfor
evaporationoffuelandmixingoffuelandair. Theothertypecon-
sistedofa double-amnularV-guttert~e Ybme holderwiththefuel-
injectionmanifoldlocated’severalinchesupstreamtoprovidea mixing
lengthto evaporatethefuelandobtainadditionaldxing offueland
air.

Forthesecondphaseoftheinvestigation,oneofthemostprmQ-
isingconfigurationsofeachtypewasselectedforfurtherevaluation
overa rangeofflightIkchznmibersaswellasaltitude.Inthis
phaseoftheprogrsm,therequirementswerethat”satisfactoryoperation
be obtainedtoanaltitudeofatleast50,000feet.

Theresmltsofthiscompleteevaluationofthealtitudeperform-
mqe andoperationalcharacteristicsofthetwotypesofflame-holder
andfuel-systemconfigurationsarereportedherein.Operationallimits
ofeachconfigurationweredeterminedfora widerangeof shmd.ated
flightconditionsandtheperformancecharacteristicswereobtainedat
variousaltitudesforthecompleteoperablerangeofafterburnerfuel-
airratios.Comparativedata.srepresentedto showtheperformance
variationswithaltitudeata flightMachnupiberof0.6. Dataarealso
presentedto showtheperformancevariationwithflightkkh numberof
eachconfigurationatthehighestaltitudewherea reasonablywide
rangeofafterburnerfuel-airratiocouldbe obtained.Thestarting
limitsofbothconfiguratiamata flightMachnwiberof0.6arealso
discussed.

APE!!s

An axial-flow-typeturbojetenginewithanafterburnerwasused
inthisinvestigation.Withtheafterburnerinoperative,theengine
hasa staticsea-leveldry-thrustratingof5100poundsatratedengine
speed,7900rpmj ad at a turbine-outlettemperatureof13CK?0F. At
thisoperatingconditia,theairflowisapproximately86poundsper
secondandthefuelflawis5740poundsperhour. Theover-adJ.length
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oftheengineisappro-tely 195
b 43 inches.Themaincomponentsof

f@w compressor,eightcylindrical
stageturbinejandanafterburner.

inchesandthemaximsmdimeteris
theengineereen11-stagesxkl-
through-flowcadbustors,a single- f

. InsteJlation

Theenginewasinstalledinan altitudechmiber as showninfig-
ure1. The-altitudechamberis10 feetindiametersnd60feetlong.
A honeycombisinstalledinthechaxiberupstreamofthetestsection
toprotidesmoothfluwoftheinletair. Theforwerdbafflesepsrates
theinletairfromthee~ust smdprovidesa meansofmaintaininga
pressureclifferenceacrosstheengine.A 14-inchbutterflyvalve,
insttiedintheforwardbaffle,wasusedtoprovidecoolingairfor
theengke compartzuent.Therearbatfleactsas a radiationshield
endpreventstherecirculationofexhaustgasesabouttheengine.The
exhs_-ustgasfromthejetnozzlewasdischargedintoan eXhaustdiffuser.
Thepressureriseinthisdiffuserassistedin simulatingan altitude
pressureinthetestsection.Ccmibustionintheafterburnerwas
observedthrougha periscopelocatedintie
engine.

s
Afterburner

e~ust ductbehindthe

--

9 A drawing~ftheafterburnerassedii.yincludingtheinletdiffuser
is showninfigure2 witha @picalflsme-holderandfuel-injection
systainstalled.Theafterburnerhadan inletdismeterof 31 inches
andanover-alllengthincludingthevariable-qreaexhaustnozzleof
47*inches,givinga length-dismeterratioof only1.53. Thevariable-
area nozzlewasa two-positionclamshell-menozzle.Duringafter-
burning,theeXhaustnozzlewasintheopenpositionandtheareawas
approxhnately357squareinches.Intheclosedposition,theexhaust-
nozzlesreawasadJustedto giveratedturbtie-outlettemperatureatrated
enginespeed.Fuelwassup@iedto theafterburnerby an air-turbine
fuelpuq whichwasdrivenby airbledfromthecompressoroutlet.

Coolingoftheburnersectionwasaccauplishedby an ejector
coolingshroud. TheeAu3ustjetdischargingthroughthisshroudinduc&d
a flowof coolimgairovertheburnershell.Theairenteredthecool-
ingshoudfromthetestsectionofthealtitudechauiberatapproxi-
matelytheshulatedsltitude~ient pressureandat a temperatureof

o approximately100°F.

.
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Confi~”ations

Theinstallationsof thetwoconfigurations-usedinthisinvestiga-
tionareshowninfigure3. TheH-gutterflameholderwitha &aZling
V-gutterandtheclose-coupledfuelsystemaredesignatedas configuia-
tionA. TheV-gutterflameholderwiththeupstreamfuelsystemis
designatedconfigurationB.

ConfigurationA. - Theflameholderof conf@urationAconsisted
oftwoannularH-sectionsconnectedby eightreilialH sectionswitha
trailingV-section.Criticaldimensionsoftheflameholderareshown
infigure3(aj. OrificesinthecrossmeniberoftheH sectionsmetered
fuelandairto theshelteredzoneof thegutters.Thefuel-injection
manifoldconsistedofthreeconcentricringsconnectedby fourradial
tubes.Also,thetwoouterringswereconnectedby 12 additionaltubes.
Fuelorificeswerelocatedintheringsendconnectingtqbestoprwide
injectioninanupstreamdirectionbutat eaeagleto the”gasflow.
Thelocationofthefuelorificesis showninfigure4(a].

.

.,

conf@urationB. - Theflameholderconsistedoftwosnnular,
staggeredV-sectionswithsixradialinterconnectingV-sections.Mm&-
sionsoftheflameholderereshowninfigure3(b].Thefuel-i@ecti.on
manifoldconsistedof12radialtubesconnectedby an outerandan
innerring.Fuelorificeswerelocatedin-theradialtubesonlyand A

placedtoprwidea uniformradieldistributionoffuel(seefig.4{b)}.

I@ tionsystem.- ThesameeXterburnerignitionsystmwaspro-
m

vialedforbothconfigurations.IgnitionWasprovidedby a mmnentary
—

increaseinfuelflcm”tooneoftheenginecombustors(seereference2].
Thisexcessfuelinonecombustorcauseda burstofflemethroughthe
turbineandignitionintheafterburner. .- —

Instrumentation —.

Pressuresandtemperaturesweremeasuredat stationsthroughout
theengineandafterburner(fig.l(b)).Compressorairflowwasdetermined
by theuseof surveyrakesmountedat the engine inlet, station1.
Instrumentationwasinstalledformeasuringboththeenginemldfraineair-
bleedandtheairbledfromthecompressoroutletthatwasusedto
drivetheairturbineoftheafterburnerfuel pwqp. Theseairflows
weresubtractedfromthecompressorairflowto obtaintheafterburner
airflow.Afterburner-inlettcrbilpressureandtemperatureweredeter- “
minedfrcm’asurveyattheturbineoutlet(station5,fig.5(a)).
Static-pressuremeasurementswereobtainedwiththreewall.orifices ~
locdedattheburnerinlet(station6,fig.l(b)}.ToteJ_pressures
weremeasuredattheexhkust-nozzleinletwitha water-cooledsurvey *
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rake(station7,fig.5(b}).Ambientpressureiu theregionofthe
u eibaust-nozzleoutletwasdeterminedby staticprobesin theplaneof

thenozzleexit(station 8) ad altitu&epress&e
theplaneoftheshroudexit(stationO]. Engine
flowsweremeasuredby calibratedrotameters.

Procedure

by staticp-robesin
andafterburnerfuel

~ The altitude operationallimitsof eachconfigurationweredeter-
minedfora rangeofflightMachnunibersfromO.4to1.0. Theminhmm ,
fuelflowat eachflightconditionwasdeterminedlyimminentblow-out
andthemmdmumfuelflowm detemindby eitherratedturbine-outlet
temperatureorrichbluw-out.Themaximumo~erablealtitudewasdeter-
minedlyincreasingaltitudeandholdingthefuelflowaudtheflight
M&chnrmiberconstantuntilblow-outoccurred.

Performancedatawereobtainedforaltitudesfrom10,CX30to
45,000feetfora fQ@ l@chtier of0.6with%othconfigurations.
Also,performancedatawereobtainedforflightIkchnumbersof0.4
to1.0atanaltitudeof 30,000feetwithconfigurationA andat an
altitudeof40,000feetwithconfigurationB. Performancedataat each
flightconditionwereobtainedat severalafterburnerfuelflowsat

% ratedenginespeed.

Startingdatawereobtainedata flightMachnumberof 0.6. The.
startingtechniqueconsistedin supplyingfuelto thestberburnerwith
thee~ust nozzleintheclosedposition.If autoignitionwas
obtained,theJetnozzlewasopenedtotheafterburrdngposition.If
autoignitionwasnotobtabed,thetorchfuelflowwasturnedQnfora
periodnotexceeding2 seconds.Whe?ignitiontookplace,thejetnoz-
zlewasquiclil.yopaedandthetorchfuelflowwasshutoff. After-
burnerignitionwastiv-estigaw over the operablefuel-airratiorange
oftheafterburnerbypresettingfuelflowsto thosecorrespondingto
thesteady-stateafterburneroperation.

Theengine-inletairforeachflightconditionwas suppliedat the
totaltemperatureandtotalpressurecorrespondingtolW!Astandard
atmo@ericconditions;100-percentrem-pressurerecaveryattheengime
inletwasassumed.Thes@bolsusedinthisreportandthemethods
usedto computetheperformance~arametersarepresentedinthe
appendix.

Twofuel-airratiosaredefinedandusedin camputingend
o ing&e resultsoftheinvestigation:

(1]Theafterburnerfuel-atrratio (f/a)tisdefinedas
●

ratiooftheafterburnerfuelflowto theen@ne airflaw(air

present-

the
flow
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enteringcompressorminusairbledfromcmnpressor).Thisfuel-air
ratiowasusedwhenonlythefllghtcondition,theenginespeed,and
tieafterburnerfuelflowwererecorded.Theairflowvalueswere

b

takenfromtheerigineair-flowcalibrationcurves.

(2)Theunburned-airafterburnerfuel-airratio (f/a}W is -
definedastheratioof theafterburnerfuelflowtotheunbuinedair
flowenteringtheafterburner(engineairflowminustheairburnedh
theengine).Thisfuel-airratiowasusedwhencompleteperformance
datawererecorded. Cu

#.N.
Thefuelusedinthisinvestigationwas~l?-56241,gradeJP-3,

havinga lowerheatingvalueof18,680Btuperpoundanda hydrogen- -.
carbonratioof0.172.

RE3UIH!SMD DEXX13SIOlI

OperationalLimits

Theafterburneroperablerangeof fuel-air

—
.—

ratios fs shownfor
bothconfigurationsinfigure6 ,asa functionofaltitudeforflight - “
Machnumbersfrom0.4to1.0. Forbothconfigurationsat a flightMach
nuniberof0.6,minhumandnwdmumfuel-airratiosincreasedwithalti- 8.*
tuderesultinginnogreatchangeinoperablerangeoffuel-airratio
except”nearthealtitudelimitswheretheyconverged.Thedataindi-
catethatthetrendswouldbe thessmeforotherflightl&chnunibers. M.

Duringthedeterminationofthemaximumaltitudelimits,completedata
werenotobtainedsaditwasquitepossibleto exceedtheratedturbine-
Outlettemperature.Theratedturbine-outlet-temperaturelineswere
basedon mbsequentperformancee“&&a.

As thefuel-air ratio increased near Nting ~titudes for con-
figurationA, a richblow-outbccurredbeforeratedturbine-outlet
temperaturewasreached(fig.6(a)].Conversely,withconfigurationB,
theuudmumfuel-air-ratiooperableIt&t wasgenerallyestablishednot
byblow-outbutwhenthenmxhumallowableturbine-outlettemperature
wasreached(fig.6(b)). .

TheeffectofincreasingflightMachnumberontheoperational
limitsofthetwoconfigurationsis showninfigure6 as a general,
upwardshiftinthealtitudeoperationalltmit.Thevariationofalti-

--

tudelimitwithincreasingfl.ightMa&numberis showninfigure7(a).
The~ operablealtitudeofbothconfigurationsincreasedatabout

—

thesameratewithflightMachntier but,Wt of configurati~B ~s .. a.
6000to 9000feethigherthanthatof configuration.At a fli~t
Machnuniberof0.6,thealtitudelimitswereabout42,0(Xland
50,000feetforconfigurationsA andB, respectively.Thevartitionof ●
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a fuel-air-ratio
of40,000feet

7

limitwithincreasingflA@tMachmmiberat analtitude
is showninfigure7(b).ConfigurationA wouldnot

operatebelowa flightMachn.er of0.5,andtheoperablemmge of
fuel-airratio,whichwaslimitedbyblow-out,increasedwithflight
Machmxiber.Theoperablerangeoffuel-airratioforconfigurationB
wasaboutthesameovertherangeofflightWch nunibersinvestigated.
Thedecreaseinfuel-airratioof configurationB withincreasing
flightMachnumberis a resultof increasingcombustionefficiency.
Also,theloweroperatingfuel-airratiosforconfigurationB result

~ fmm higherccmibustionefficlency.Theleanerfuel-airratiosand
higheroperatinglimitsof configurationB indicatethecombinedadvan-
tageofuniformcircuuferentia3fueldistribution,greatermixhlg
lengthbetweenfuelinjectionstationandflameholders,sadV-gutter
insteadofH-gutterflsmeholders.

P&fomanceCharacteristics

Effectofaltitude.- TheperformancedataarepresentedintableI
andareshown~aphicallyinfigures8 to1.2fora flightMachnumber
of0.6,ratedenginespqed,andseveralaltitudes.Thevariationin
afterburner-inletconditionswithafterburnerfuel-airratioisQre-

L sentedinfigure8. !Fhefuel-airratiousedhereisbasedontie
unburnedairavailableat theafterburnerinletasdefinedinthe&o-
ceduresection.Theturbine-outlettemperatureandturbine-outletpres-

. sureincreasedwithincreasingfuel-airratio,as expectedforopera-
tionwitha constant-areaJetnozzle.At a givenfuel-ahratio,the
turbine-outlettemperateandtheturbine-outletpressuredecreased
withincreasingaltitudeapprox3n&elyinpropo@ionto thedecrease
inengine-inlettemperatureandpressure.Theburner-inletvelocity
-ied o- slfghtlytithfuel-airratio,decreasingfrcxuabout400feet
persecondtoabout385feetpersecondfromthe~ tomsxhmm
operablefuel-airratio.

Thevariationof eshaust-~stotal*erahure andafterburnercom-
bustionefficiencywithafterburnerfuel-airratiois _ infigure9
forthealtitudesinvestigated.At a givenfuel-airratio,theexhaust-
gastotaltemperaturedecreasedwithincreasingaltitudeprtmsrily
becauseofa decreaseinaft&burnerccaibustionefficiency”(fig.9(b))
andtoa lesserextentbecauseof decreasedturbine-outlettemperatures
(fig.8(b)).

Therichfuel-air-ratioliad.tof operation,as determinedby
limitingturbine-outlettemperature(msximumthrust),occurredne= the
peekoftheafterburner-efficiencycurvesat analtitudeof10,00Qfeet.
Withincreasingaltitude,thisrich13mitforbothconfigurations
occurredat fuel-airratiosprogressivelygreater than that forpeak
conbustiauefficiency.l?heccmibustionefficienciesatlimiting
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turbine-outlettemperatureforconfigurationA were81percentat
10,000feetand61percentat 30,000feet.Thecorrespondingefficien-
ciesof configurationB were88 sM.74percent,respectively.The
effectofaltitudeoncombustionefficiencyis showngraphicallyin
figure10fora flightWch numberof0.6. Altbughbothconfigurations
showa rapiddecreaseincotiustionefficiencywithincreasingaltitude}
configurationB hada 7 to13percenthigherccmibustionefficiencythgm
configurationA.

Flameholderssuchas configurationB withuniformfueldistribu-
tionwerecapableofoperationat high altitudewithoutdecreasein
maximumburnerefficiency(reference1). Theunexpecteddropinmaxi-
mumefficiencyataltitudeforconfigurationB wasprobablyduetoa
lessuniformfueldistributionthanwas,obtainedWithbetterconfigura-‘“
tionsimreference1. Becausethefuelwas~ected 45°upstream
insteadofnormaltothestresm,therewaslesstendencytodistribute
fuelcompletelyacrossthestream,especiallyatthelowerfuelflows
correspondingtothehigheraltitudes.

Thevariationinnetthrustsndnetthrustspecificfuelconsump-
tionwithaltitudeandfuel-airratiois showninfigure11forboth
configurations.A crossplotofthenetthrustatratedturbine-outlet
temperaturesispresentedinfigure12(E)andis,ofcourse,essentidd.y
equalforthetwoconfigurations.Because:theratedturbine-outlet
temperaturesoccurredatlowerfuel-airratibforconfigurationB t~
forconfiguration,thenetthrustspecificfuelconsumption
(fig.12(b))was+wer forconfigurationB. At analtitudeof
30,000feet,thefretthrustspecificfuelconsumptionforconfigu-
rationA was2.62Whereasthatof configurationB was2.33.As alti-
tudeincreased,aaevengreateradvantageof configurationB was
evident.

EffectofflightMachnumber.- Thevariationofafterburnerper-
formanceatratedengtiespeed,withflightMachnmiberandfuel-air
ratio,isshowninfigures13 to17. Performmceof configurationB
wasinvestigatedatanaltitudeof40,000feetandfl&ghtMch numbers
of0.4,0.6,0.8,end1.0. Laterwhentheperformanceof configura-
tionA wasinvestigated,itwasfoundthatoperationof theafterburner
couldnotbe obtainedatanyfuel-airratioata flightMachnuniber
of0.4at40,000-footaltitudeandoperationata flightMachnuniber
of0.6waspossibleonlyovera veryLbnitedrangeoffuel-airratios
(fig.6). Theperformancecalibrationof configurationB wastherefore
conductedat30,000feetaltitude.Thedataforthetwoconfigurations
thenrepresentthealtitudesatw%ichperformanceatflightMachnum-
bersfrom0.4toLO couldbeobtainedovera rangeoffuel-airratios
withstablecodmstion.

—

—

—
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The vwiation in afterburner-lmletconditionswithflightMach
ntier‘&dfuel-airratioispresentedinfigureM. Thesfterburner-
inletvelocity(fig.13(a)) isrelativelyunaffectedby flightMach
nunberbutshows@e sanesmalldecreasewithixmreasingfuel-airratio
previouslydiscussed.Theturbine-outletgastemperature(fig.M(b))
andtheturbime-outletpressure(fig.13(c))increasedwithincreasing
flightMachnuiber.Thisincreaseinturbime-outletgastemperature
andpressureisnotquiteproportionaltotheincreasein engine-inlet
temperatureandpressurewithincreasingflightMachnuuiberbecauseof
a,secondaryeffectdueto compressorReynoldsnumber.

Theafterburnerccmibustionefficiencyandexhaust~~stemperature
axeshownimfigure14. Theincreaseh exhaust-gast~erature
(fig.14(a))withincreasingflig$htI@chnuniberresultspr-ily from
theincreasedconibustioqefficiency(fig.14(b)).Thecadbustioneffi-
ciencyriseswithincreasingflightMachnwiberbecauseoftheincreased
burner-inletpressureandt~erature (fig.13). Forbothctii~a-
tions,themaximumcmbustionefficiencyforeachflightMachnuniber
investigatedoccurredata fuel-airratioofabout0.03. Theeffectof
flightIkmhnuniberon afterburnerefficiencyat ratedturbine-outlet
t~eratureis showninfigure15 (acrossplotoffig.14(b)).At
flightMachnunibersabove0.7,theafterburnerefficiencyof configu-
rationB at40,0Mlfeetwasaboutthesameas theafterburnereffi-
ciencyof configurationA at 30,000feet. Belowa flightMachnumber
of0.7,thesensitivityof configurationA to flightMachnuniberwas
farmorepronouncedthanthatof configurationB evenwiththelower
altitudeadvantage.

Thevariationof over-alJ.engineperformanceispresentedinfig-
ure16 as a functionofafterburnerfuel-airratioforseveralflight
Machnunibers.Netthrustincreased(fig.16(a))andnetthrustspe-
cificfuelconsun@ion(fig.16(b))decreasedslightlywithincreasing
flJ.ghtMachnumber.Thenetthrustincreasedwithincreasingflight
Machnuniberpr~ily becauseoftheaccompanyinghigherairfluws.
TheloweredspecificfuelconsumptionwithincreasingflightMachnumber
resultedprimarilyfmm thehighercycleandco@ustionefficiencies.
Figure17 isa crossplotofthenetthrustspecificfuelconsumption
atlimitingturbtie-outlettemperature.AlthoughconfigurationB was
operatedat thehigheraltitude(40,000ft),itprovidedthelowernet
thrustspecificfuelconsumptionthro@houttherangeoffJJ@t hch
nwibersinvestigated.

I@itionCharacteristics

As previouslydiscussed,twomethodsofignition,(1)autoigni.tion
and(2]torchignition,wereusedto imitiatecmibustionin theafter-
burner.Theraugeofaltitidesandafterburnerfuel-airratios (f/a]t
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overwhichignition was obtainedis showninfigure18 fora flight
Machnumberof0.6. Thedashedcurvesaretheoperationallimit~of

#

the,$woburnerconfigurationsfromfigure6. Becausethefuelflow .-.-
wasmeasuredatthemomentignitionoccurred,beforefuelflowhad
stabilized,accuratefuel-airratioscannotbe expectedforthestart-
ingdata.AutoignitionwasobtainedwithconfigurationB throughout
theoperationalrangeoffuel-airratiostoanaltitudeof45,000feet,
thehighestaltitudeatwtichafterburnerignitionwasattempted.
Autoignitioncouldnot”be,obtainedwithconfigurationpossibly
becauseofthecoolingoftheflameholderby theimpingementofunva-, ~porizedfuelfromthecloselycoupledfuelmanifold.Withconfigura-
tion, theafterburnercouldbe ignitedby thetorchmethodthroughout
theoperablefuel-air-ratioremgetoanaltitudeof atleast
30,000feet.Two‘outafthreeattemptsto obtainignitionweresue-
cessfulata leanfuel-airratioat35,000feet.

COI?CLUDIRGREMARW3

An investigationofthealtitudeperformanceoftwoflame-holder
andfuel-systemconfigurationsina shortafterburnerhasbeencon-

—

ductedonanaxial-flowla&bojetengineinan altitudec.hdber.One
configurationconsistedofa doubleannularH-gutterflameholderhav-
ingaradditionalV-gutterseveralinchesdownstream.Thefuelinjec-

4

tifm manifoldwaslocateddirectlyupstreamoftheH-gutterflame
holder.Theotherconfigurationhada doubleannul=V-gutterflame
holderwiththefuel-injectionmanifoldmountedseveralinchesupstream.

.

Thisarrangementallowedmoretimeforvaporizationofthefueland
mixingofthefuelandair. ThedcnibleannularV-gutterconfiguration
providedthebetteraltitudeperformanceandoperatingcharacteristics.
At a KLi@tkch nuniberof0.6,thealtitudelimitswereabout42)000
and50,000feetfortheH-gutterh V-gutterafterburnerconfigurations,
respectively.Therespectiveconibusticmefficienciesofthetwocon-
figurationsatLimitingturbine-outletteqeratureandat an altitude
of30,000feetad a flightMachnuniberof0.6were61and74percent.

—

At theseoperatingconditions,the@roved conibustionefficiency
reducedtheafterburnernetthrustspecificfuelconsumptionfrom2.62
to 2.33poundsoffuelperpoundofnetthrust.

IgnitionoftheV-gutterconfigurationafterburneroccurredspon-
taneouslywhenthefuelwasintroducedintotheafterburner.This
autqignitionwaspossibleto analtitudeof45,W feet,thehighest
altitudeatwhichignitionwasattempted.IgnitionoftheH-gutter
configuration,however,wasnotspontaneousandtheuseofa torch

—

igniterwasrequired.
.—4

.
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Thesuperiorityof theV-gutterconfigurationintheshortafter-
* burnerisattributedto (1)@roved circumferentialfueldistribution,

(2)ficreastifuelmixingandvaporizationthe, and(3]useof we
V-titterflameholderwt% itss-~eriorflame-h&ding-

LewisFlightPropulsionLaboratory
NationalAdvisoryCkxmLtteeforAeronautics

Cleveland,Ohio
.

characteristics.

. .
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The following

area, sqft

APFZNDIX- METHODSOFCkJXUIATIOll“ .

sylfibols
..

symbolsare‘usedinthisreport:
.

flow(discharge]coefficient}ratioofeffectiveflowareato ml
measuredarea

thermalexpsusionratio,ratioofhot
tocoldexhaust-nozzle-throatarea

effectivevelocitycoefficient,ratio
calculatedjetthrust

thrust,lb

fuel-airratio

$
exhaust-nozzle-throatarea

ofactualjetthrustto

accelerationdueto gravity,32.174ft[sec2

e+halpy,Btu/lb
a

,.

lowerheatingvalueoffuelbasedonreferencetemperature, .
Bt+b

Machnuniber

enginespeed,rpm .

t~tslpressure,lb/sqft

staticpressure,l%~sqft

gasconstsnt,53.3ft-lb/(lb)(%)

total temperature, OR

reference temperature} 540° R

velocity,ft~sec

airflow,lb~sec

fuelfluw,lb/br

tr

v

e--r.’. - . . . ..&
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‘g gasflow,lb/see

r ratioof specificheats

7 c+stion efficiency

Subscripts:

c

e

i

J

n

t

Ua

o

1

3

5

6

7

8

calculated

engine

indicated

Jet

net

afterburner

uriburnedair

free-streemszibientconditions

engineinlet

compressoroutlet

turbineoutlet(diffuse&Met)

afterburnerinlet

eihaust-nozzle

exhaust-nozzle

inlet

throat

Methodsof Calculation

FlightspeedsmdMachnqniber.- Thesimulatedfli@rtspeedand
M%chnumberatwhichtheengineandafterburnerwereoperatedwere
determinedfromthefoll& equatims:

—

~o=Jzm

13

(1)

. .
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(2)

whereT wasassumedtobe 1.4~d thetotsltemperaturewasassumed
tobe equaltotheindicatedtemperatureinasmuchasthethermocouple
recoveryfactorwas0.96.

Gasflow.- Thecompressor-inletairflowwascomputedas

(3}

Theengineairflowat station3 tiscalculatedby subtractingthe
midframeair-bleedandtheairflowrequiredtodrivetheafterburner,
fuelpmqpfromthecompressorinlet~r flow. The~dfr~ ~-bleed .-.:.
andafterburnerfuel-pumpairflowwerecalculatedh a similarmanner
to thecmqpressor-inletairflow.Thetotalgasflowat theturbine .
outletwascalculatedas

Thetotalgasfluwatthe

Wg,5
‘f e

= ‘a,3‘&

.

(4i
.

exhaust-nozzle throat was calculatedas

Wf twg,8= wg,5+*

Turbine-outlettotaltenperature.- The
peraturewascorrectedforimpact.

y5-1

turbine-outlet

T5 =

P5 Y5
T5,i —

P5

*

y5-1

p5 T5

()~
-11 + 0.95

Thevalue0.95isthethermocouplerecoveryfactor.

(5)

total tem- .,-.

.

“



Afterburnerinletvelocity.- Thecontinuityequationwasusedto. calculatetheafterburnerinletvelocity.Thestaticpressureandarea
weremeasuredat station6. Thetotal-pressure* -temperaturemeas-
urementsfromstation5 wereusedanditwasassumedthattherewasno
lossbetweenthetwostations.

(7)

Afterburner fuel=air ratio. - !!2w0titerburner fuel-air ratios are
used in this report end are deftied as follows:

(1)Theratioof theafterburnerfuelflowto engineairfluw,

()f Wf,t
=t = 36CXlWa,3 (8)

(2] The ratio of the @?terburner fuel flow to the unburned air ,
enter~ the afterburner,

Of Wf,tn
z= Wf e

=00 ‘a,3- ~ 0672.

(9)

The assumption used in ~btaininn this equation was that the fuel
injected in the engine was completely burned. !JIhevalue of 0.0672 is
the

was

The

stoichiometricfuel-airratio for the fuel used.

Exhaust-~s total m erature. - me e2d2aust-gas total temperature
deterndned by

flow coefficient cd wasobtainedfromreference3. Theexhaust-
nozzle-throat area A8 wasmeasuredat roomtemperature.Valuesof

. thethermalexpansionratio c* of theexhaustnozzleweredetermb~
frcmthethermalexpansioncoefficientfortheexhaust-nozzlematerial
andthemeasuredskintemperature.,.

.
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V

.

.9!S I 4

/
/ y

,9C,

. .
/ .

.85
1.0 1.5 2.0 2.5 3.0 “ 3.5 4.0 4.5

Pressure ratio, P7/po
. -.
1.U

1.0

1.01-
- ~

1.00.
800 1000 1200 1400 1660 1800 2Cbo 22i3ii

Exhaust-nozzle-inletskintemperature,%

aUSt-33C)ZZle.~hOEit staticpress~e P8 WEi

P8 = Po forsubsonicflow

~

()P8=P7 L forsonicflowT8+1

determined

Afterburnerccmibustion efficiency. - W afterbmer
efficien@- Ws”cal.bulated from

,,

. ..

.. ..

.

aifollow~:

Coldmstion

(u.) .

.
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Tpeenginefuelwasnotassumedtobeburnedcompletelyintheengine.
● Theunburnedenginefuelwaschargedtotheafterburner.Theengine

combusticmefficiencywasO.96;thisvaluewasobtainedfroman alti- ‘

.

A.UH-Btudecalibrationofa similarengine.Theterm ~ accountsforthe
differencebetweentheenthalpyofthecarbondioxideandwatervapor
intheburnedmixtureandtheenthalpyoftheoxygenremovedfromthe
airby theirformation(reference4). Dissociationwasnotconsidered
imasmchas itseffectisnegligiblefortemperaturesto3200°R.

Thrust. - TheJetthrustwascalculatedfrom

Thevd.uesof p8 and CIJJareexplainedin thediscussionof
equation(10). Theeffectivevelocitycoefficient~,e wasobtahed
fromreference1.

. fuel

b

.96

● 95

.94

.93
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Pressureratio,P7/pO

NetthrustwasobtainedfromtheJetthrustby

Fn = !&Fj - g o

Netthrust specific fuel consumption. - !l!henet thrust specific
consumption was calculated from

(13)

Wf Wj=e+wft
Fn = Fp

(14)
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7910
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TAB7XI - P2FLFOKMANC2

Air Netthrust After-Arter-
fyw

After-
apea~flbfuelbornerburner burner

. CmSOH!Dt bl fuel-.foel- inlet

I(lbtfit)) ] 1““

.2921 1659 1647 1882
77919 2265 1908 2518
7922 2795 2033 2474
7918 33X) 2083 2581
7914 3965 2079 ‘2534

7922 3885 3940 5145
?911 5050 4297, 5730
7922-6300 4632 6236

2300 2500. 5201
7919 3180 2934 3858
7911 4340 3160 4228
7917 5125 3427 4543
7938
7924 2Wm 1931.
“W16

2615
2670 2222. 2314

7915 3770 2344 3132

7913 2200 211s 306s
7212 2915 2524 5457
7906 5770 2604. 3744
7%35 4630 2773 4053

s 931
7915 2350 2398 3788
7917 3110 2729 4s11

%: :W :::: ::::

CONFI

i&T
1479
1856
2100.
2365

271O
3825
4840

24W
3215
4020
4690

1841
2385
2765
3195

1876
2175
2470
1319
1576
1842
2150
2455

1628
1646

%%-
1659
2355”
2700
1454
1756
m50
2370
?740

1843
?200
?570
!005

1158 1220-
1336 1534
142J 1630
1480 1708
1490 1721

3530 4589
4040 5309
4365 5774
4670 6238

6
2727 3771
3116
3346 :2
3559 4728

2mo 2559
2164 2640
=94 ,“2996
2410 3142

0
1%20 1W3
1575 1958
1624 2051
1311 1602
1442 1819
1531 1916
1572 2004
1624 2079

6
1210 1473
122a I-519
1275 1567

1594 2CL6Z
1774 2449
1661 2341
1474 2001
1609 2240
1706 2360
1792 2467
1673 2566-

1784 2708
1646 2 48
?054 33 91
?m4r, 3270

.

—
1472 X.56 2.246
1917

2
30.3 2,1B7

M65 30.6 2.338
2169”30.7B 2.505
2133 30.12 *.843

3645 T;::: 2“21’2.M-1
4235 72.59 2.202
472’872.lB 2.s12

9 a
2161 51:39 2:221
2633 51.26 2.151
3206 50.7B 2.244
3529 50.64 2.428

M 69
1U5 33:97 2:147
2249 34i24 2.264
2450. 34.56
2613

,2.496
34.08 2.740

2.192
2.s46

3011 40.04, 2.459
46.24

# ;::: ::% ~

, 46:$5““ 2:3~2 ~

RATION B

0.01510.oi94 39s.2
.0208.0280 ?i’19.B
,0258.0353 37s.7
.0302.0419 383.s
.0368.0514 364.5

4026-
:0160:01’33 395:9
.0184.0237 394.4
.0243.0330 593.4

403:1
.0171.0224 394.4
j22 J& y:;

4137
393:e

.0233.0318 369.5

.0W3 .0421 390.4

.0381.0545 363.9

:Olm :0193 401:9
,02s3 .0270 360.2
.0262.0358 385.6
.0321.0450 380.5

21
:0170 405:0

.0179.0234 394.9

.0232.0312 387.4

.0263.0391 3*.9

-
19.43 2.5s3 0.0181
;:.$2 .021(

::E .026”
19:65 2.453 .029”
19.2s” 2.619 .034:

72:12 2:050 :0104
72.10 2.064 .014:
72.56 2.lU .018:
71.05 2.238 .623!

51:33 1:861 :01;
52.20 2.041 .0171
51.B2 ; 2.147 .021:
51.57 2.266 .02e

34:25 2:069 :Oti
34.44 2.08B .0191
34:32 2.164 .W24
34.44 2.258 .02s

21:66 2:267 “ :025;
21.71 2.450 .027E
a..m“- 2.501 .0317
21.87 2.221 .o16e
22.05 2.176 .019s
21.74 .0%?3522.03 ::% .0269
22.0? .0309
16:68

2 413
2:301

lB.92 2.617 .0303
17.03 2.754 .0341
.J
25:69 2:114 :0176

2.2B6 .0256
W 2.S97 .0235
25.60 2.162 .0158
-2:::; 2.12-2 .0190

2.194 .0223
;5,69 2.2@6 .0256
25.71 2.406 .0296
66

50:8S
067

2:OB7
50.B1 . 2.025 .0198
50.58 2.178 .0253
}1.02 Q.263 .0269

F
0.0248
.0293
.0362
.0428
.0590

:0131
.0192
.0246
.0322

:018B
.022?
.029s
.0368

:0 7
.0258
.0309
.0362

,;0334
.0397.
.045B
.0223
.0272
.0332
.(mo
1;044

:0s60
.0437
.0493

:0241
.0359
.0422
.0207
.025
.930$
.0360
.0423

:0218.
.026B
.0323
.0360

411.4
3s9.5
395.9
396.1
391.5

“701T6-
398.4
392.4
395.5
388.0

394:2
392.1
380.0
387.6

394.6
3W.2
390.5

390:9
391.9

?%:
368.5
387.2
S80.2
363.5
~

599:3

*

‘389:8
3.M.3
405.5
400.1

3

396.1
394.3
396.U

408:1
401.0
399.7
395.9
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DATAW7XtIAFTEPBORN?X3

21NACA

Arter- Hter- &w&- Turbine- M3er- After- Bxhauat w Turblne Run
burner burner outlet b-r burner stitlo il-LlYt-outlet
outlet Oombuetlontotel total Inlet outlet pree.sueetotal total

koteltem-efflaienoypressme premauw statlo total 90 ty&- t&mpera-
perature nt pressure tie

(lb/i;ft)(lb/;ft)
Tp:- (u/sqrt)

(%) (lb/xrt)(lb/eqft) (2) (%)
;

CONFIOORATIONA

ie9s 0.443
2462 .661
2666 , .852
2717 .590

696.0 la
694.3 1369
897.6 1416
S96.2 1456
698.3 1445

186s 31s6
1862 3320
1856 3483

*2
1288
123& w
1238 2558
1236 2459

799:7 1445
786.0 1588
796.9 1852
799.0 1704

949:0 1644
951.8 1784
951.8 laa3
954.6 1878

1182 1915
1182 2099
1183
1124 2347

1452
1680 2
1631 3
1695 4
1711 5

1578
1674 :
1759 9

1440 11
1.384 12
1669 13
1751 J4

1637 16
1684 17
1734 18
1774 19

1508 21
1620 22
1695 23
1764 24

1472
1595 E
1679 28
1760 26

1117
1285
L51a
1564

+
22.61
3050

1156
1280
1337
1372

*
29S6
3112
3264

1889
2095
2209

*

1486
y:

15e2
1539
1668
1763
1856

1790
19s4
2084
2197

6
6
6
6

i.4 4
‘.9 4
‘.0 4
1.4 4

!6
!7
!7
!7
!7
!6-
!2
!2

2736 .499

2291 :762
2808 .me
W78 .810

12-42 :514
2328 .708
2647 .745
2869

2219
2625 .680
2784
3010 :5%

2034 :572
2463 .662
2715 .870
2985

0 151
1932 :552
2341 .892
26= .714
2818 .723

T1.1 4

;
6

!.
!.4 4
1.9 4

3216

1818
x147

1

‘9
11
0

+

2170
2275

1321
1463
1655
1586

-

1637
1740
1837

1738
1917
2049
2173

9

4
6

.:
+-
7

1
iCONFIGURATIONB

1
s
2

)0
10
.8
.2
18
r
13
12
k?
;8

245;
2721
2934

0.307
.628
.fill
.808
.569

:743
.850

:%1

:716
.797
.806
.783
0.520
.690
.755
.763
.752
0.663
.676
.638
.627
.523
.649
.670
.661
.842

k~
.557
.502

:665
.680
.859
.580
.686
.694
.683
.8s1

0.565
.642
.725
.733
.72S

432.4
433.8
428.9
456.3
432.8

RR
1260
1247

1236
1234
1245
1244
794.7
766.2
793.6
782.4
788.9
492.4
496.5
491.0
491.7

791.1
889.4
625.3
a52.9
957.5
2601
2961
3m7

-R%--
2151

W
2645
1403
1478

$
1039
1072
a24.2
990
1026
1057
1087

788:6
812.1
823.1

-75J-

L%
1067
1147
1181
1219

*

1597
1445
1511

710.9 7s5.9
809.3 829.1

859.3
z:: 28s.4
879.4 82-8.6.

2859 2758
2293 2984

3122
3199 3263

1842 2004
2130

L%
130

1335 137$
1423 1464
1.487 1511
1653 1556
99.s
937.2 866:8
852.9 974.6
985.0 99s.7
249.3 859.9
915.2 824.1
945.0 952.5
920.1 S84.6
1010 1o11
703.7 719.0
721.3 734.9
742.0 754.3
759.7 765.4
*7
1024. 1061-
1117 1133
1145 1181

384.9
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383.3
S67.1

T%W-
1441
1U7
1U8
144-7

964h
983.3
968.0
967.2

616:4
616.1

E::

381.4
382.6
382.3
380.0
377.7”
383.4
387.2

292:7
298.0
296.5

384:8
383.5
383.0
381.4
385.0
377.1

‘W::

383:2
580.8

%
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408
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523
521
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46a
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439

+
424
424
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*
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~
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